Abstract: In this paper, an adaptive failure compensation is proposed for high-speed trains with traction system actuator failures to achieve the position tracking. To deal with the timevarying parameters of the train motion dynamics, the piecewise constant model is introduced to describe the train dynamics with variable parameters. For the system with actuator failures, the adaptive controller with the adaptive laws is designed to achieve the position tracking, in the presence of the system piecewise constant parameters and actuator failure parameters which are unknown. Simulation results on a high-speed train model are presented to illustrate the performance of the developed adaptive actuator failure compensation control scheme.
INTRODUCTION
Due to their fast and high loading capacities, high-speed trains have become more popular. For the past few years, a considerable number of studies have been focused on control design for the train systems (see, for example, Dong et al. (2010) , ), Zhang et al. (2014 . For this kind of large scale transportation systems, the safety and reliability are important factors. The failures may deteriorate the train performance severely, resulting in time delay or cancellation of the other trains. Therefore, it is crucial for the traction system of high-speed trains to study the effective failure compensation technologies.
During the past years, some results on fault diagnosis and fault-tolerant control for high-speed trains have been obtained, see, for example Guzinski et al. (2009) , , Wang et al. (2016) . Most of the existing work uses the motion dynamic model with constants parameters, or the variable parameters with known upper bounds. These constants or bounded variable parameters cannot represent the characteristics of the system dynamics well, which motivates the research to derive a new suitable model. A new piecewise constant model with unknown parameters ⋆ This work was supported in part by the National Natural Science Foundation of China under Grant 61490703, Grant 61573180 and Grant 61374130.
is presented in this paper to describe the high-speed train dynamics.
On the other hand, although there exists many results about the fault-tolerant control, see Blanke et al. (2003 )-Shen et al. (2014 . In these results, the parameters of the plants are assumed either known or unknown but are modeled as unknown inputs with bounds. Thus, these methods cannot be used in the piecewise constants model of the high-speed trains with the unknown failures. Due to the characterise that the adaptive techniques can deal with the unknown parameters and achieve good tracking performance (see Tao et al. (2014) , Tao et al. (2014) ), the adaptive compensation can be used to solve the faulttolerant control problem of the high-speed trains. This paper is focused on the adaptive position tracking compensation problem for the high-speed trains with traction system actuator failures. A piecewise constant model is introduced to describe the motion dynamic of the high-speed train with its variable parameters. The adaptive failure compensation controller design procedure is presented to achieve the train position tracking. The rest of this paper is organized as follows: In Section II, the dynamical model of high-speed trains are introduced, and the actuator failure compensation problem is formulated. In Section III, the failure compensation schemes for the piecewise constant parameter systems with unknown parameterized failures, are developed. In Section IV, simulations are presented to verify the effectiveness of the failure compensation schemes. Finally, some conclusions are given in Section V.
PROBLEM FORMULATION
In this section, we will introduce the dynamic model of high-speed trains and the model of traction system actuator failures. Further, the objective of this work and the design issues for adaptive control and failure compensation are formulated.
Longitudinal Motion Dynamic Model
By Newton's law, the longitudinal motion dynamics of a train can be described as Guzinski et al. (2009) :
where x(t) is the displacement of the train, M (t) is the mass of the train, F (t) is the traction force, F r (t) is the general resistance, F g (t) is the force caused by motion on the grade, F c (t) is the force caused by motion on the curve. The force F (t) acting on the train, is generated by the traction system to achieve the tractive effort or dynamic braking, which can represent the action on the train to reduce motion during the application of the brakes.
As modeled in AREMA (1999), the general resistance F r (t) is approximated by a quadratic function, i.e., the Davis equation:
where M (t) is the mass of the train, v(t) is the speed of the train; a r (t) defines the train's rolling resistance component, b r (t) defines the train's linear resistance, c r (t) defines the train's nonlinear resistance.
From Garg (1984) , the grade resistance force F g (t) and the curvature force F c (t) are modeled as
where θ(t) is the slope angle of the current track. D(t) is the degree of curvature and can be calculated by D(t) = 0.5d w /R(t), with d w being the distance between the front and rare wheels of the train (the wheelbase length, a constant for a certain train,), and R(t) being the curve radius (a constant for a certain curvature track).
According to the analysis in Mao et al. (2015) , the longitudinal motion dynamics of a train can be approximated by a piecewise constant model.
Piecewise Dynamic Model
and ϑ(t) = sin θ(t), equation (1) can be rewritten asẍ
where m(t), a(t), b(t), c(t), ϑ(t), and D(t) are piecewise constants and are dependent on the displacement x and velocityẋ of the train.
Define Ω as the region for all possible system states x(t) andẋ(t) during the train operation, with its l subregions Ω i , i = 1, . . . , l. The values of (m(t), a(t), b(t), c(t), ϑ(t),
, and D i are unknown constants. Due to the fact that x(t) andẋ(t) are available, the time instants when (x(t),ẋ(t)) jumps from one region to another are known.
To describe the piecewise constants of the parameters in equation (5), the indicator functions χ i (t) are introduced as follows:
It is assumed that there do not exist the common boundary, i.e., (x(t),ẋ(t)) only belongs to one region. Since the information about (x(t),ẋ(t)) ∈ Ω i is available, the functions χ i (t) defined in (6) are known.
Let x 1 = x and x 2 =ẋ. The longitudinal motion dynamics (5) can be expressed aṡ
where
, and D i being unknown constants, and χ i (t) being the indicator functions defined in (6).
Actuator Failure Model
This paper is focused on dealing with the failures of actuators, which can lead to the traction force F (t) abnormal. We consider there are n motors in a train. So, the resultant traction force F (t) is the sum of the forces F j , j = 1, . . . , n, generated from the jth motor:
The actuator failures can be modeled by
for some j ∈ {1, 2, . . . , n}. Here, the failure occurring time instant t j , failure index j, constantsF j0 andF jρ , are unknown, while the basis signals f jρ (t) are known, and s j are the number of the basis signals of the jth actuator failure.
From (14), the input of system (8)- (9) can be rewritten as
where ν j (t) is the applied control signal to be designed, and σ j is the actuator failure pattern parameter with
There are n actuators in a train and up ton unknown actuator failures (n < n), that is, during the train operation, anyn of the n actuators may fail. When an actuator fails, the failure time and failure parameters are unknown. For the adaptive actuator failure compensation problem of the high-speed train, the basic assumption is given as: (A1) for any up ton actuators fail, the remaining healthy actuators can still achieve the desired control objective.
Since the actuators in the power units use the same control signal, it follows from (15) and (14) that the system input can be expressed by
where ν 0 (t) is a designed control signal, and k ν is the actuator failure pattern parameter with ξ and ̟(t) to determine which actuators and what kind of failures occur. The parameter k ν only takes one integer in the interval [n −n, n] to respect the different failures.
Objective. The objective of this paper is to develop an adaptive failure compensation scheme for high-speed trains described by (8), (9), with unknown friction parameters modeled in (10), (12), and unknown actuator failures modeled in (17)- (20), to guarantee the system stability and asymptotic tracking properties even in the presence of actuator failures.
For the high-speed train dynamic model with unknown actuator failures, there are two kind of parameter variations: (i) unknown values with known changing time caused by system mode changes; (ii) unknown values with unknown changing time caused by actuator failure changes. The designed adaptive failure compensation controller should handle these two kinds of variations, simultaneously.
ADAPTIVE FAILURE COMPENSATION CONTROLLER DESIGN
For high-speed train, the controller is designed for DistanceTo-Go (DTG) curve. In this section, we will propose a failure compensation controller to guarantee the closedloop system stable and the state x 1 (t) to track the desired curve x m (t). The design procedure is as follows:
Step 1: Let the tracking error be z 1 (t) = x 1 (t) − x m (t), and introduce z 2 (t) = x 2 (t) − α 1 (t), where α 1 (t) is a function to be designed. Then, from (8), we geṫ
Choosing the design function α 1 (t) as
and considering the first partial positive definite function
We derive the time derivative of V 1 aṡ
Step 2: From z 2 (t) = x 2 (t) − α 1 (t) and (9), we obtaiṅ
Now, (21) and (25) can be viewed to be stabilized by α 1 (t) given in (22) with respect to the Lyapunov function
where γ kν , γ ξ ,γ ai , γ bi , γ ci , γ ϑi , γ Di and γ mi are positive constants.ξ(t), Let such time intervals be (T p , T p+1 ), p = 0, 1, . . . , M, that is, for t ∈ (T p , T p+1 ), the actuator failure pattern is fixed and the parameters in (17) are constant. Hence, the positive definite function V 2 is continuous and differentiable on the time intervals (T p , T p+1 ).
So the time derivative of V 2 iṡ
Choose adaptive law forξ(t),
D i (t) = −γ Di z 2 (t)χ i (t)0.004 (33) Then the derivative of V 2 can be expressed aṡ
Then the adaptive law forρ kν (t) andρ i (t) are chosen aṡ
(37) It should be noted that the piecewise constant parameters, also with the failure parameters change their values, during the system operation. Then, we should analysis the unknown parameter changes.
As in Tao et al. (2014) , let (T p , T p+1 ), p = 0, 1, . . . , M, with T 0 = 0, be time intervals. During these time intervals, the actuator failure pattern is fixed, which means that the actuators only fail at time T p , for p = 0, 1, . . . , M. Under Assumption (A1), we have M ≤n and T M+1 = ∞. At time Tp ,p = 0, 1, . . . , M, the unknown parameters ρ kν , ρ i and ξ, change their values, due to the changes of the failure parameters k ν and ξ. For the piecewise constant model (8)-(9), let {T q } ∞ q=1 denote the known time instants at which (8)- (9) switches between modes. It should be noted that the actuator failure time T p is unknown, but switching mode time T q is known. Then, there are two possible cases depending on the actuator failure time T p and T p+1 .
(i) T q−1 < T p < T q , T q−1 < T p+1 < T q : The actuator failures occur before the system (8)-(9) switches mode. Then, at time Tp,p = 0, 1, . . . , M, the unknown parameters ρ kν , ρ i ξ * , a i , b i , c i , ϑ i and D i , change their values during the time intervals (T q−1 , T q ), such that
The actuator failures occur after the system (8)- (9) switches mode. Then, at time Tq,q = 0, 1, . . . , ∞, the unknown plant model parameters change their values during the time intervals (T q−1 , T p+1 ), such that
and
Stability Analysis. For the function V 2 , the term (containingρ kν andξ) about the failures is different from the term (last term, containingã i ,b i ,c i ,θ i ,D i andρ i ,) about the model parameters, because the switches of the failures are achieved via the matching condition instead of the indicator functions χ i (t) in (6). Also, V 2 (·) as a function of t is not continuous, because ,
are piecewise constant parameters. With the estimation errors z 1 (t), z 2 (t) and the adaptive laws in (28)- (33) and (35)- (36), the time derivative of V 2 for t ∈ (T p , T p+1 ), p = 0, 1, . . . , M, becomeṡ
Since there are only a finite number of failures in the system, V 2 (T M ) is finite, and, froṁ
, are bounded, and so are z 1 (t),ξ(t), (22), α 1 (t) is bounded, so is x 2 (t). Then, with the structure of the failure compensation controller (34), the boundedness of ν 0 (t) is ensured. Thus, all signal in the closed-loop system are bounded.
Further, the tracking measurement can be generated as
Since V 2 as a function of t is bounded, it has that
According to (21), z 1 (t) is bounded, it shows that lim t→∞ z 1 (t) = 0, which implies that lim t→∞ x 1 (t) − x m (t) = 0.
The performance of the adaptive controller can be summarized to obtain the following stability and tracking properties:
Theorem 1: The adaptive failure compensation controller (34), with the adaptive scheme (28)- (33) and (35)-(36) applied to the system (8)- (9) with actuator failures (17)- (20), guarantees that all closed-loop signals are bounded and the tracking error e(t) = x 1 (t) − x m (t) satisfying lim t→∞ e(t) = 0.
In this section, the adaptive failure compensation controller is designed to achieve the position tracking and deal with the two kinds of parameter variations caused by either actuator failure changes or system mode changes. To handle unknown and jumping parameters, those (from system modes) with know jumping time instants are parameterized in the controller structure and those (from actuator failures) with unknown jumping time instants are both parameterized in the controller and dealt with via the use of a piecewise Lyapunov function V 2 .
SIMULATION STUDY
In this section, a simulation study on a high-speed train is given to demonstrate the effectiveness of the proposed failures compensation scheme. The system parameters are borrowed from a CRH type train (Dong et al. (2010) ), in which 4 motors are considered.
Simulation System
The mass of the train is chosen as M i = M = 500 ton. Due to the tunnel, slope and curvature which lead to the changes of the resistance coefficients in the travel, 4 modes will be considered for the healthy system (m i , a i , b i , c i , ϑ i , and D i are defined as equations (10) Considering the failure modes, i.e., the failure occurs before or after the system mode switching, the following failures are chosen, with whose modes and patterns are the same as that of the signal-model case but the occurrence times are different. The failure is expressed as: F α fails for some α ∈ {1, 2, 3, 4},
for 600 ≤ t < 1000s; 2 × 10 5 (1 + sin(0.05t − 30)), for 1000 ≤ t < 1200s; 0, for 1200 ≤ t ≤ 2000s;
F β = ν β , β = α, β ∈ {1, 2, 3, 4}.
Simulation Results
The initial conditions are chosen as x d (0) = x(0) = [0 0] T , and the values of the initial parameter estimates are 95% of their ideal values. Fig. 1 shows the distances including the plant distance (solid) and the desired distance (dashed). Fig. 2 shows the tracking error. From the simulation results, it can be seen that the proposed adaptive controller can achieve the close-loop stability and asymptotic tracking properties of the train even in the presence of parameters changes. 
CONCLUSION
In this paper, the adaptive failure compensation problem is addressed for high-speed trains with traction system actuator failures, which are uncertain in time instants, values, and patterns. A new piecewise constant model with unknown parameters is introduced to represent the motion dynamics with variable parameters. An adaptive failure compensation is developed to deal with the unknown parameters in the plant and traction system actuator failures. Simulation results further confirm the obtained theoretical results.
